SUMMARY
Lipodystrophy is a major disease involving severe alterations of adipose tissue distribution and metabolism. Mutations in genes encoding the nuclear envelope protein lamin A or its processing enzyme, the metalloproteinase Zmpste24, cause diverse human progeroid syndromes that are commonly characterized by a selective loss of adipose tissue. Similarly to humans, mice deficient in Zmpste24 accumulate prelamin A and display phenotypic features of accelerated aging, including lipodystrophy. Herein, we report the proteome and phosphoproteome of adipose tissue as well as serum metabolome in lipodystrophy by using
Zmpste24
-/-mice as experimental model. We show that Zmpste24 deficiency enhanced lipolysis, fatty acid (FA) biogenesis and β-oxidation as well as decreased FA re-esterification, thus pointing to an increased partitioning of FA toward β-oxidation and away from storage that likely underlies the observed size reduction of Zmpste24-null adipocytes. Besides the mitochondrial proteins related to lipid metabolism, other protein networks related to mitochondrial function, including those involved in tricarboxylic acid cycle (TCA) and oxidative phosphorylation, were up-regulated in Zmpste24 -/-mice. These results, together with the observation of an increased mitochondrial response to oxidative stress, support the relationship between defective prelamin A processing and mitochondrial dysfunction and highlight the relevance of oxidative damage in lipoatrophy and aging. We also show that absence of Zmpste24 profoundly alters the processing of the cytoskeletal protein vimentin and identify a novel protein dysregulated in lipodystrophy, High-Mobility Group Box-1 Protein (HMGB1). Finally, we found several lipid derivates with important roles in energy balance, such as Lysophosphatidylcholine (LPC) or 2-arachidonoylglycerol, to be dysregulated in
-/-serum. Together, our findings in Zmpste24 -/-mice may be useful to unveil the mechanisms underlying adipose tissue dysfunction and its overall contribution to body Proteomic profile of lipoatrophy 4 homeostasis in progeria and other lipodystrophy syndromes as well as to develop novel strategies to prevent or ameliorate these diseases.
INTRODUCTION
Adipose tissue has emerged as one of the most important organs regulating body homeostasis as it serves not only for the storage of energy in the form of triglycerides but it is also a source of paracrine and endocrine signals (i.e. adipokines) that influence systemic metabolism (1) (2) (3) (4) . Dysfunction of adipose tissue, as occurs in conditions of excess (obesity) or reduced (lipodystrophy) body fat, results in an abnormal management of triglycerides and alteration of adipokine secretion, leading to several metabolic disturbances such as insulin resistance, dyslipidemia, hepatic steatosis and type 2 diabetes (4-5). Accordingly, much effort has been made to elucidate the molecular mechanisms underlying adipose tissue dysfunction and its role in the development of metabolic diseases, including the utilization of proteomic approaches [reviewed in (6) (7) ]. Indeed, both the number and quality of adipose tissue proteomic studies have notably increased in the last years. Thus, proteome studies have been conducted on adipose tissue biopsies from different fat depots (i.e. visceral and subcutaneous adipose tissue) (8) as well as on the two fractions comprising adipose tissue, mature adipocytes and the stromal vascular fraction (SVF) (9) . Isolation of the separate cellular components of the latter fraction has also enabled to establish the proteome of adiposederived adult stem cells and adipogenesis (10) (11) (12) . Moreover, novel adipose tissue secreted peptides and proteins have been identified using proteomic techniques (6, (13) (14) .
Since obesity is the most prevalent condition affecting adipose tissue function, the vast majority of the proteomic studies carried out to date have focused on the molecular characterization of adipose tissue from obese human (8, 15) , mouse (16-17), or rat (18-19) models. Actually, no other pathological states of adipose tissue have been investigated so far using proteomic techniques. In this regard, lipodystrophy, which includes a variety of distinct syndromes that may be inherited or acquired in origin, is characterized by a generalized or partial lack of adipose tissue [reviewed by (5, 20) ]. Inherited lipodystrophies are commonly associated to mutations in single genes whereas acquired lipodystrophies develop in patients with certain autoimmune diseases and, more often, in HIV-infected patients under antiretroviral therapy [reviewed by (5, (21) (22) ].
The most common genetic disorders of inherited lipodystrophies have been linked to mutations in the LMNA gene encoding the nuclear envelope A-type lamins, lamins A and C (5) . Although these proteins are expressed in nearly all cell types, mutations in LMNA are responsible for at least a dozen different disorders with tissue-selective affections and collectively referred to as laminopathies, including Dunnigan-type familial partial lipodystrophy (FPLD) (23). In addition to a structural role, lamins are also involved in the regulation of DNA replication, transcription and repair (24). In the case of adipose tissue, it has been suggested that lamins play a role in adipocyte differentiation yet the molecular mechanisms responsible for the loss of adipose tissue associated to lamin A/C deficiency are not completely understood [reviewed by (5, 24) ]. In humans, mutations in the gene encoding the zinc metalloproteinase Zmpste24/FACE1, which is involved in the post-translational cleavage of carboxy-terminal residues of farnesylated prelamin A to form mature lamin A (25) (Fig. 1 
Histological analysis
For histological analysis, adipose tissue samples from the visceral fat pad obtained from 4 Zmpste24 -/-and 3 wild-type animals were fixed in 4% paraformaldehyde in PBS and stored in 70% ethanol. Fixed tissues were embedded in paraffin by standard procedures.
Blocks were sectioned (5 µm) and tissues stained with hematoxylin and eosin. The number of adipocytes and their mean diameter were determined in 5-µm tissue sections by computerassisted image analysis. For each sample, different microscopic fields were analyzed, and at least 100 adipocytes were measured.
Protein extraction
For proteomic studies, adipose tissue biopsies from 4 Zmpste24 -/-and 4 wild-type animals were washed in PBS immediately after removal and directly frozen in liquid nitrogen and stored at -80ºC. Samples were processed following a specific protocol previously optimized by us for adipose tissue (9) . Thus, fat samples were thawed by adding 0. 
ROS determination
The intracellular reactive oxygen species (ROS) levels were determined using the 2,7'-dichloroflourescein diacetate (DCF-DA) dye (Sigma). White adipose tissue were extracted from mice and samples were homogenized using PLB (Promega). The lysates were centrifuged at 12,000 g for 5 min at 4ºC, and supernatants were collected. Protein concentration in the supernatants was evaluated by the bicinchoninic acid technique (BCA protein assay kit, Pierce Biotechnology, Rockford, IL). Supernatants (50 µg) were mixed with 25 µM DCF-DA and then incubated at 37ºC for 30 min in the dark. Fluorescence at 485/535
was measured using a LS55 PerkinElmer LifeScience spectrofluorometer. Adipose tissue samples from at least 4 different animals of each genotype were used for measurement of ROS generation. 
Serum metabolomics
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RESULTS
Reduced adipose tissue in Zmpste24 -/-mice
Zmpste24-null mice display a lipodystrophic phenotype characterized by the absence of subcutaneous adipose tissue (26). Herein, we have observed that they also suffer from a marked reduction of the visceral fat depot ( Fig. 2A) , which in some cases reached more than a 6-fold decrease when compared to that observed in their wild-type littermates. This remaining fat pad can be easily removed together with the gonads (Fig. 2B ). revealed that 37 proteins were significantly up-regulated in mutant mice while 9 proteins were down-regulated (Fig. 3A) . A representative spot corresponding to pyruvate dehydrogenase beta (spot 31) is highlighted in Fig. 3B in order to show the reproducibility of the observed differences between adipose tissue proteomes from the two groups of animals. Differences in the proteome of the four different animals analyzed per group were evaluated and average of their density was used to elaborate Table 1 , where only those proteins with consistent differences (P < 0.05) were included. MALDI-TOF identification of the modified proteins showed that the majority of the spots corresponded to proteins participating in known 
Western blot analysis of altered proteins
Immunoblotting using an antibody against β-actin revealed the existence of significant differences in β-actin protein content between Zmpste24 -/-and wild-type animals (Supplemental Fig. 1A ), thus precluding its use as housekeeping gene for quantitative studies.
Furthermore, neither GADPH nor tubulin gave consistent results (data not shown).
Consequently, all the experiments were carried out loading equal amounts of proteins from (Fig. 6A) . Interestingly, these two short isoforms of vimentin, together with prelamin A, were identified in the 2-DE experiments as the most differentially expressed proteins between Zmpste24 -/-and wild-type mice (Table 1) . Thus, 46-kDa and 43-kDa vimentin forms were reduced by 3.3-and 5.5-fold, respectively, in the proteome of mutant mice with respect to those observed in wild-type animals ( Table 1) . These data are largely in accordance with the results obtained by semiquantitative immunoblotting (Fig. 6B ).
Although the presence of vimentin isoforms has also been depicted in proteomic studies of human subcutaneous adipose tissue (15), their origin is not known and no
information is yet available as to whether they may arise from alternative splicing or posttranslational processing. To address this issue, we first analyzed vimentin isoforms by MALDI-TOF/TOF. The identified proteins correspond to N-terminal truncated variants within the region spanning the first 100 amino acid residues of vimentin (Supplemental Fig.   2 ). Fig. 6C shows the first N-terminal tryptic peptide identified in each isoform, including their predicted molecular weight and isoelectric point. No cleavage was observed at the Cterminal end since the tryptic product was readily detected in the MALDI mass spectrum of all isoforms (Supplemental Fig. 2) .
Analysis of mitochondrial function in Zmpste24 -/-adipose tissue
Given the finding that two proteins potentially involved in mitochondrial fatty acid β-oxidation, long-chain acyl-CoA synthetase-1 (ACSL1) and acyl-coenzymeA dehydrogenase, short chain (ACADS), were up-regulated in adipose tissue of Zmpste24 -/-mice, we investigated whether mitochondrial fatty acid import could be also affected in these animals by quantifying protein levels of the key enzyme mediating this process, carnitine palmitoyltransferase I (CPT1) (34) . Western immunoblotting of adipose tissue protein extracts revealed that Zmpste24 -/-mice did indeed contain significantly higher levels of CPT1 than wild-type mice (Fig. 7A) .
Since proteomic studies revealed that several proteins of the mitochondrial electron transport chain were up-regulated in the adipose tissue of (Fig. 7B) .
Finally, the increased levels of mitochondrial PRDX3 found in Zmpste24 -/-fat prompted us to evaluate the occurrence of oxidative damage in the tissue. As shown in Fig.   7C , ROS levels were significantly enhanced in adipose tissue of Zmpste24 -/-mice as compared to wild-type animals, indicating that Zmpste24 deficiency increases oxidative stress.
Analysis of the phosphoproteome of adipose tissue
Phosphorylation is a ubiquitous and fundamental reversible, regulatory mechanism that enables to modify protein function by altering protein stability, cellular location, substrate affinity, complex formation, or activity (37) . Herein, together with the analysis of adipose tissue from Zmpste24 -/-and wild-type mice by 2D-PAGE, we also employed a phosphoproteomic approach to establish the phosphorylation fingerprint of adipose tissue proteins in the presence or absence of the metalloprotease (Fig 8A) . This has enabled us to identify, for the first time, six proteins that are regulated in adipose tissue at the posttranslational level: the mitochondrial complex I subunit NDUFA10, the ATP citrate lyase (ACLY), the rate-limiting enzyme for triglyceride catabolism in mice, desnutrin (human ATGL1), phosphoglucomutase 1 (PGM-1), desmin, and pyruvate dehydrogenase alpha 1 (PDHA1). In addition, the potential phosphorylation sites of three of these proteins were also identified ( Fig. 8B) , including three sites already described in PGM-1 (S95, T96 and T115), one in desmin (T42), and a novel phosphothreonine residue in desnutrin (T452), which is close to the two C-terminal serine residues previously reported to be phosphorylated in this protein (38) . Finally, three out of the six proteins found to be highly phosphorylated in mouse adipose tissue were also identified by 2D-PAGE on the basis of their overexpression in mutant animals: NDUFA10, ACLY, and desnutrin (Table 1) .
Serum metabolic profile of Zmpste24 -/-mice
Although microscopy and proteomic analysis of adipose tissue of Zmpste24-null mice, together with previous data on the occurrence of hepatic steatosis in these animals (27),
pointed to the inability of adipocytes to properly store lipids, we observed no changes in serum FA levels in mutant mice (data not shown). To get further clues about the metabolic biomarkers associated to genetic lipodystrophy, we employed a metabolomic strategy. Serum metabolic profiling revealed 32 metabolites up-regulated in Zmpste24 -/-mice while 22 were found to be down-regulated. 67 % of the identified metabolites corresponded to known compounds (Suppl. Table 1 ). Analysis of the altered metabolites by a software for pathway analysis revealed major perturbations in lipid metabolism and oxidative scavenging (Fig. 9) .
Remarkably, most of the down-regulated metabolites corresponded to lysophospholipids and, in particular to several molecular species of lysophosphatidylcholine (LPC). Increased levels of several steroids including corticosterone (1.9 fold change) and aldosterone (4.4 to 12.9 fold change) were also observed in Zmpste24 -/-mice, suggestive of alterations in adrenal gland function in these animals. Finally, in agreement with previous observations (27), lower levels of glucose were found in mutant mice as compared to wild-type animals. Microscopic data revealed that Zmpste24 -/-mice contained significantly smaller adipocytes than wild-type mice, thus indicating an impaired fat storage capacity in these cells.
DISCUSSION
Several processes may contribute to decreased TAG accumulation: increased TAG lipolysis, decreased FA uptake or synthesis, decreased FA re-esterification and increased FA release or oxidation. Our proteomic data support the view that several of these processes may occur in Zmpste24-null adipocytes (Fig. 10) . Thus, the observed up-regulation of the rate-limiting lipolytic enzyme adipose triglyceride lipase (human ATGL/murine desnutrin) (39) in mutant mice strongly suggest that TAG lipolysis is enhanced in these animals. Intriguingly, we have identified a novel phosphorylation site in desnutrin (T452), which is close to the two Cterminal region serines previously reported to be phosphorylated in this protein (S406 and S430) (38) . It has been recently shown that phosphorylation at S406 or S430 is not necessary for the hydrolase activity of desnutrin although the C-terminal region appears to be important for TAG hydrolysis (40) . Thus, it seems likely that phosphorylation at T452 plays a role in the regulation of desnutrin activity.
One of the most increased proteins in adipose tissue of null mice was fatty acid synthase (FAS), an enzyme that plays a central role in de novo FA biogenesis. FAS converts acetyl-CoA and malonyl-CoA into palmitate in a process that requires NADPH, which is supplied by both the pentose phosphate pathway and the pyruvate cycle (41) . Interestingly, many of the enzymes participating in these pathways were also enhanced in adipose tissue of
Zmpste24
-/-mice. Taken together, these findings suggest that de novo lipogenesis is increased in mutant mice. In this scenario, the bulk of FA synthesized de novo or generated by TAG hydrolysis does not seem to be redirected for esterification into TAG in Zmpste24-null adipocytes since, besides the aforementioned reduced size of these cells, adipose tissue from mutant mice exhibited diminished levels of the key enzyme involved in glyceroneogenesis and FA re-esterification in adipocytes, PCK1 (42) . In line with these findings, targeted ablation of PCK1 expression in white adipose tissue in mice reduced body fat pads and, more notably, nearly 25% of the mutant mice were lipodystrophic (43) . Likewise, ritonavir, a common component of the antiretroviral therapy associated with the development of lipodystrophy in HIV patients (38) , decreased PCK1 expression in murine 3T3-L1 adipocytes (44) . Collectively, these observations favour PCK1 as a common player in the development of lipodystrophy.
Impaired FA re-esterification resulting from down-regulation of PCK1 could lead to enhanced FA efflux from Zmpste24-null adipocytes and subsequent ectopic deposition of lipids. Indeed, Zmpste24-null mice display a clear hepatic steatosis (27). Nevertheless, we (data not shown) and others (27) have found that serum FA levels are not elevated in Zmpste24-null mice and thus, it is unlikely that FA from adipose tissue contribute to the extensive lipid accumulation observed in mutant mice liver (27). Instead, lack of Zmpste24 seems to cause a shift within adipocytes towards increased FA utilization and energy expenditure. Thus, mutant mice exhibited enhanced levels of two enzymes involved in FA β-oxidation (ACSL1 and ACADS). These data, which are consistent with the observed upregulation of CPT1, the enzyme responsible of FA translocation across the mitochondrial membrane (45) , support the view that adipocyte shrinkage in mutant mice is due, at least in part, to an increased partitioning of FA toward β-oxidation and away from storage as TAG.
Furthermore, the increased expression of several proteins associated with oxidative phosphorylation suggests that adipose tissue metabolism in mutant mice could be remodelled toward ATP production, which is rapidly mobilised to sustain the enhanced rate of FA synthesis. Notably, expression of UCP-1, normally found only in brown adipose tissue but that can be induced in white adipocytes by different stimuli (35) (36) was not altered in (59) and, consequently, the presence of vimentin variants may be necessary to provide plasticity to the adipocyte for correct lipid management.
Our proteomic analysis has enabled the identification of a novel protein dysregulated in Zmpste24 -/-mice, HMGB1, whose expression in adipose tissue has not been documented previously. HMGB1 is a chromatin-binding nuclear protein implicated in DNA repair mechanisms (60) , and has been also proposed to play a role in sustaining autophagy (61) .
Notably, previous studies have demonstrated that Zmpste24 -/-mice exhibit an extensive basal activation of autophagy, which primarily represents a pro-survival mechanism, in liver, skeletal muscle and heart (27, 62). In fact, despite the progeroid phenotype of Zmpste24 Proteins were separated on a 2-DE gel using 18 cm pH 3-10 NL strips in the first dimension and 12% SDS-PAGE gels in the second dimension. Molecular weights are indicated (right).
Differentially expressed proteins between the adipose tissue samples are indicated with white or black arrows. The numbers correspond to the spot numbers in Proteins with more than a 3-fold increase between wild type and null mice are indicated with a double arrow. WT (1) WT (2) WT (3) WT (4) KO ( 
